Hydraulic redistribution (HR) of soil water through plant roots is a crucial phenomenon improving the water balance of plants and ecosystems. It is mostly described under severe drought, and not yet studied under moderate drought. We tested the potential of HR under moderate drought, hypothesizing that (H1) tree species redistribute soil water in their roots even under moderate drought and that (H2) neighboring plants are supported with water provided by redistributing plants. Trees were planted in split-root systems with one individual (i.e., split-root plant, SRP) having its roots divided between two pots with one additional tree each. Species were 2-to 4-year-old English oak (Quercus robur L.), European beech (Fagus sylvatica L.) and Norway spruce (Picea abies (L.) Karst). A gradient in soil water potential (ψ soil ) was established between the two pots (−0.55 ± 0.02 MPa and −0.29 ± 0.03 MPa), and HR was observed by labeling with deuterium-enriched water. Irrespective of species identity, 93% of the SRPs redistributed deuterium enriched water from the moist to the drier side, supporting H1. Eighty-eight percent of the plants in the drier pots were deuterium enriched in their roots, with 61 ± 6% of the root water originating from SRP roots. Differences in HR among species were related to their root anatomy with diffuse-porous xylem structure in both beech and-opposing the stem structure-oak roots. In spruce, we found exclusively tracheids. We conclude that water can be redistributed within roots of different tree species along a moderate ψ soil gradient, accentuating HR as an important water source for drought-stressed plants, with potential implications for ecohydrological and plant physiological sciences. It remains to be shown to what extent HR occurs under field conditions in Central Europe.
Introduction
Hydraulic redistribution (HR) is the passive movement of water through the roots of a plant following a gradient in the soil water potential (ψ soil , Leffler et al. 2005) . Water is taken up by roots present in moist soil locations and released via roots into drier soil locations (Richards and Caldwell 1987) . Hydraulic redistribution typically occurs during nighttime in the absence of or at low transpiration upon mostly closed stomata (Pereira et al. 2006) . While Richards and Caldwell (1987) first described the effect as 'hydraulic lift', as they discovered an uplift of water from deeper, moist to more shallow, dry soil horizons, the flow path of redistributed water can also be downward ('inverse hydraulic lift', iHL) (Burgess et al. 1998) or lateral (Smart et al. 2005) , depending on the direction of the ψ soil gradient. In order to cover all potential directions of water movement, the effect was named HR (Burgess et al. 1998 , Prieto et al. 2012 .
Plants benefit in many ways from HR, for instance, roots in dry soil depths can be kept alive, their lifespan can be increased (Bauerle et al. 2008 ) and consequently, co-located nutrients become accessible , Querejeta et al. 2003 . Hydraulic conductance can be maintained and a decline in soil water content (SWC) reduced (Hirota et al. 2004 , Meinzer et al. 2004 , Domec et al. 2006 ). Therefore, rates of transpiration, photosynthesis and growth are increased through HR, and growing seasons may be prolonged (Brooks et al. 2002 , Howard et al. 2009 ). In a North American sugar maple (Acer saccharum Marsh.) stand, Jackson et al. (2000) assessed an increase in stand-level water consumption by 19-40% when they considered HR in a soil-vegetation-atmosphere water transfer model. Moreover, Brooks et al. (2002) calculated redistributed water to be 28% of total daily transpired water in a Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) stand in Washington, USA. In addition, mutualism with microorganisms and mycorrhizae is likely to benefit from HR as water moves from plant to fungus or vice versa depending on the ψ gradient (Querejeta et al. 2003 , Pereira et al. 2006 .
Hydraulic redistribution of one plant may influence its neighboring plants. On the one hand, plants with shallow roots, like grasses or seedlings, are able to take up redistributed water in the upper soil (Dawson 1993 , Brooks et al. 2002 . On the other hand, iHL may be a strategy of deep-rooting plants to drain water into deeper soil horizons where it becomes inaccessible for shallow-rooted plants (Ryel et al. 2003, Yu and D'Odorico 2014) . The effectiveness of HR on plant-plant interactions awaits case-dependent clarification (Prieto et al. 2012) .
The amount of redistributed water could be species-specific caused by different xylem structures, e.g., conduit diameters in roots (Bauerle et al. 2008) . According to the Hagen-Poiseuille law, hydraulic conductivity of a conduit is (approximately) proportional to the fourth power of its radius (Tyree and Zimmermann 2002) . Plants with bigger conduit diameters should be able to redistribute more water over time than plants with smaller conduit diameters under otherwise identical conditions. However, density, systematic and size of root conduits are not well known (Koecher et al. 2012) .
Authors have predominantly observed HR in very dry regions or during dry seasons on grasses, shrubs and trees (e.g., Caldwell and Richards 1989 , Schulze et al. 1998 , Meinzer et al. 2004 , while in temperate Central Europe, only few studies have addressed HR on native tree species. Nadezhdina et al. (2006 Nadezhdina et al. ( , 2009 detected HR in a 26-year-old Norway spruce (Picea abies (L.) Karst.) stand and in a 53-year-old Douglas fir (P. menziesii) stand in the Czech Republic under dry conditions of about 10 vol% SWC. Zapater et al. (2011) showed that HR occurred in sessile oak (Quercus petraea (Matt.) Liebl.) from a 15-to 25-year-old mixed species forest in France under very dry conditions (ψ soil up to −2.0 MPa). However, uptake of redistributed water by neighboring plants could not be demonstrated in any of those studies (Nadezhdina et al. 2006 , Zapater et al. 2011 .
Despite the detection of HR in some tree species in temperate Central Europe, it remains an open question whether HR is a general phenomenon, also occurring under moderate drought, and if neighboring plants gain advantage from HR. Moreover, it remains to be shown if potential differences in the amount of redistributed water between different species can be linked to their anatomical root properties.
The present greenhouse experiment focused on three tree species native to Central Europe, i.e., English oak (Quercus robur L.), European beech (Fagus sylvatica L.) and Norway spruce (P. abies). Our aim was (i) to explore if and to what extent the study species show HR even under moderate drought and (ii) to estimate the uptake of released water by neighboring trees. We set up a split-root experiment with a soil moisture gradient between two pots and traced HR from the deuterium-labeled moist soil to the drier soil. We tested the hypotheses that (H1) English oak, European beech and Norway spruce are able to redistribute soil water via reverse flux in their root systems under moderate drought and that (H2) neighboring trees take up water provided by the redistributing trees. To elucidate the impact of species identity on the amount of redistributed water, we additionally analyzed the anatomy of the root xylem to assess the hydraulic conductance of the roots of the three study species.
Materials and methods

Experimental site
The study was set up in a greenhouse, automatically shaded and aerated during March-August 2014 at the 'Gewächshauslaborzentrum Dürnast', Freising, Germany (N 48°24′15.6′′; E 11°41′35.7, 473 m altitude). During the establishment of the soil moisture gradient (July-August 2014), daily mean and daily maximum air temperature was 23 ± 0.5 and 28 ± 1°C, respectively. Corresponding daily mean and minimum relative air humidity was 58 ± 1 and 43 ± 2%, respectively. Mean and maximum global radiation in the greenhouse during sampling days (19-22 August) was 28 ± 3 and 61 ± 13 W m , respectively (for details see Table S1 available as Supplementary Data at Tree Physiology Online).
Split-root system setup
In March 2014, 2-year-old English oak and European beech and 4-year-old Norway spruce seedlings were planted in the greenhouse in split-root systems (Figure 1 ). In spite of having different ages, the mean height of the trees was similar, i.e., 46 ± 1 cm (oak, n = 41), 51 ± 1 cm (beech, n = 52) and 51 ± 1 cm (spruce, n = 39). Two pots (10 l) were screwed together with a semicircular notch at the contact point. Three trees were planted in each split-root system -with one tree in each pot (i.e., moist side and drier side) and the third tree (split-root plant, SRP) above the notch with its root system equally distributed into the two pots (Figure 1 ). To minimize injury to the roots of the SRP, a foam pad was placed between the roots and the notch in the pots.
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In the first 5 months after establishing the split-root systems (March-July), each SRP trunk had a soil-filled collar made out of foam material to avoid desiccation of the upper roots. The collar was removed 4 weeks before the labeling experiment started. The split-root systems were watered manually twice a week with a hose and, between March and August, repositioned three times inside the greenhouse to minimize potential effects of light and temperature heterogeneities.
Three different plant combinations were established, each with the same tree species as SRP and plant in the drier soil (DP). The plant located in the moist soil (MP) was either the same species as DP and SRP or one of the other study species (Table 1) , as we originally assumed an impact by the MPs identity on the water redistributed by the SRP. However, the species identity of the MP affected neither HR within the SRP nor redistribution to the DP.
The soil used for the split-root system setup was a luvisol, originated from loess over Tertiary sediments, retrieved from three adjacent forest stands (~5 km from Freising) and with similar silty texture. Each stand was dominated by one of the three study species, thus saplings were planted in soils shaped by their own species. About 30% of sand was added to facilitate soil drying. Five grams of controlled-release fertilizer (Osmocote ® , ICL Fertilizers Deutschland GmbH, Nordhorn, Germany) were added to each pot when the trees were planted.
Soil water content and water potential
Volumetric SWC was assessed for each pot with a mobile probe (probe length: 14.5 cm; TDR100, Campbell Scientific, Shepshed, UK). Corresponding soil water potential (ψ soil ) was retrieved by fitting a soil-specific retention curve between predawn ψ leaf and SWC using pre-dawn ψ leaf as a surrogate for ψ soil (Bauerle et al. 2006) . ψ leaf was assessed by means of a Scholander-type pressure chamber on leaves (oak) and twigs (beech and spruce) from additional trees of the same origin and age, potted individually in identical soils, saving the plants in the split-root systems for the deuterium-labeling experiment. The retention curve was compiled before the experiment started (data not shown). Soil water content was measured on Day 2 of the experiment (21 August) and corresponding ψ soil derived.
Establishing a soil moisture gradient, deuterium labeling and sampling
In July 2014, the soil moisture gradient was established between the moist and drier pots of the split-root systems. Over 1 week, the average daily water consumption of the plants was assessed by weighing of pots. Based on the water consumption, the moist side of the split-root system was supplied with water for compensating tree water use while the pot on the drier side was not watered. Soil water content was monitored by TDR every other day with 30% and 15% being targeted in the moist pot and drier pot, respectively. After the soil moisture gradient was established, the deuterium labeling started.
On 19 August at 9:00 a.m. CET (Day 0), 300 ml of deuteriumenriched water (0.11 atom% deuteriumoxide, i.e., 6313‰ δ 2 H) was dripped very carefully and homogenously on the soil surface of the MP pot using a small watering can (capacity of 500 ml) to ensure that no labeled water reached the pot of the DP. Afterwards, the soils of the drier and moist sides were each covered with a plastic foil throughout the experiment. Putatively deuterium-enriched water vapor originating from the labeled soils or transpiration of labeled trees did not increase δ 2 H in leaves of neighboring plants (P = 0.71). Eleven out of the 44 SRPs (25%) displayed severe signs of shoot mortality during the weeks before the experiment, i.e., absence of green bark tissue and all leaves were brown or shed (for details see Table S2 available as Supplementary Data at Tree Physiology Online). As HR is a physical phenomenon and water passively moves through plant tissue by just following a ψ soil gradient, we did not exclude those plants (further referred to as desiccated plants) from the analysis. Indeed, we did not find significant differences in the calculated fraction of redistributed water between desiccated and healthy plants. Our results and conclusion would not change if desiccated plants were excluded from the analysis (see also Results and Discussion sections). On 19, 20 and 22 August (further referred to as Day 0, Day 1 and Day 3) before sampling at 7:00 a.m. CET, aboveground parts of plants were covered with plastic bags to minimize transpiration and therefore to establish similar hydraulic conditions during sampling. Plastic bags were removed directly after sampling on each day, to reestablish natural conditions.
Prior to labeling on Day 0, from 7:00 to 9:00 a.m. CET, soil samples were taken in all pots with a metal core (diameter of 1 cm) to the bottom of the pot. All soil samples were put into plastic bags and gently mixed before drawing a representative 10 ml subsample. Pre-labeling samples were taken to determine the natural abundance of deuterium in the soil and were used as reference to check for increases in δ 2 H in roots, soils and stem xylem (White et al. 1985) . Likewise, soil samples were taken on Day 1 and Day 3. On Day 3, stem xylem and roots were sampled. Bark and phloem of stem samples were quickly removed with razor blades and the stem xylem was cut into~1 cm long pieces to facilitate subsequent water extraction. Plants in the drier pots (DPs) were sampled before SRPs and MPs to minimize potential contamination with deuterium label. Sampling of stem xylem lasted from 9:00 a.m. to 12:00 p.m. CET. Subsequent root sampling lasted from 12:00 p.m. to 6:00 p.m. CET and was performed in the same order as stem xylem sampling (DPs before SRPs and MPs). The roots of the SRPs were divided into drier side (SRP root dry ) and moist side (SRP root moist ). The rhizosphere soil was carefully removed, coarse-roots were cut into~1 cm pieces and a subsample of~3-4 g (root fresh mass) was taken. All samples were instantly put into airtight Exetainer (Labco, Lampeter, UK) vials and stored at 5°C until cryogenic water extraction.
Dry mass of fine (<2 mm) and coarse (>2 mm) roots of the SRP root dry and SRP root moist was assessed after drying at 65°C for 72 h and total root dry mass was calculated including the roots sampled for water extraction.
Water extraction and analysis
Water was extracted by cryogenic vacuum distillation for 2 h (West et al. 2006) . Extracted plant water of roots and xylem of the DPs and SRPs was analyzed for its δ 2 H with an isotope-ratiomass-spectrometer (IRMS) coupled with a multiflow system (Isoprime, Elementar, Langenselbold, Germany). Measurements were performed against two laboratory standards with δ 2 H of −161.21‰ and +124.36‰, respectively. Measurement precision for the two standards was higher than ±2.5‰. In the case of water extracted from soils and highly deuterium-enriched root and stem xylem samples of MPs and SRPs, δ 2 H was assessed with a cavity ring-down spectrometer (CRDS, Picarro, Santa Clara, CA, USA). We used the same laboratory standards as for the IRMS and analysis precision was higher than ±2.1‰. Since the CRDS may be affected by organic contaminants in the water extract (West et al. 2010) , comprehensive correlations between the CRDS and the IRMS were performed, revealing no differences in the δ 2 H of soils and highly enriched stem xylem or root samples (data not shown).
Calculation of water redistribution within SRP
The fraction of redistributed water in the SRP root dry was calculated using a two-end-member mixing model. To this end, δ 2 H of water in SRP root dry on Day 3 was assumed to result from two water sources: (i) reverse flux of water from the SRP root moist and (ii) water taken up directly by the roots from the soil of the drier pot: with f(SRP root moist ) being the fraction of redistributed water in the SRP root dry .
Calculation of water redistribution from SRP root dry to DP Similarly, the fraction of water in DP root originating from the SRP root dry was calculated from two sources: (i) the water provided by the SRP root dry to the drier side and (ii) the soil water in the drier pot: 
Root anatomy
Roots (diameters of~1 mm) were sampled to assess conduit sizes in the studied tree species. The samples were dehydrated with ethanol; 2 h in 70%, subsequently 3 h in 90% and finally overnight in 96% ethanol. Three roots of each species were cut by laser ablation tomography (Clabby 2014) , while pictures of the ablated root slices were continuously photographed (resolution of 25,400 dpi). Afterwards ablated pictures of each species were analyzed for the size of their xylem conduits. On about one-quarter of the total cross-section, the conduits were handselected and marked on an extra image layer with gimp 2.8.16 (GNU Image Manipulation Program, The GIMP Team). Conduit area was obtained with ImageJ 1.47t (Wayne Rasband, National Institutes of Health, Bethesda, MD, USA) and the equivalent circle diameter of each conduit was retrieved according to Scholz et al. (2013) . Hydraulic conductivity per square meter of the Tree Physiology Online at http://www.treephys.oxfordjournals.org root cross-section was calculated based on the HagenPoiseuille law (modified according to Scholz et al. 2013, see Eq. (3) ), assuming all visible vessels and tracheids to be conductive:
where K h is the hydraulic conductivity (in kg MPa
the diameter of the conduit, η the viscosity index of water (1.002 × 10 −9 MPa s at 20°C) and A the area of the analyzed cross-section.
Statistical analyses
With a one-sided two-sample T-test we checked for increases in leaf δ 2 H of unlabeled trees due to water vapor evaporation or transpiration of labeled soils or plants. A two-sided two-sample T-test was used to check (i) for initial differences in the isotopic signature of the soil between the moist and the drier pot prior to labeling, (ii) for differences in root mass of SRP root dry and SRP root moist , (iii) for effects of the species identity of MPs on the fractions of redistributed water within SRPs, and (iv) to confirm that δ 2 H of unlabeled soil water corresponded to δ 2 H of unlabeled root and stem xylem samples (White et al. 1985) . We performed one-sided two-sample T-tests to check if δ 
Results
Soil water content and ψ soil
Soil water content (SWC) and corresponding ψ soil were twice as high in the moist pots compared with the drier pots (P < 0.001, Table 2 ). Averaged SWC at the moist side amounted to 32.6 ± 0.6 vol% and to a ψ soil of −0.29 ± 0.03 MPa across all split-root systems. In comparison, SWC at the drier side and corresponding ψ soil was significantly lower, with a mean of 17.0 ± 0.2 vol% and −0.55 ± 0.02 MPa across all split-root systems, respectively. Comparing species, the SWC and corresponding ψ soil in the drier pot of spruce split-root systems were about 2 vol% and 0.2 MPa lower than in beech (P < 0.01) and oak (P < 0.001, Table 2 ).
Dry mass of fine-roots
The fine-root mass of spruce SRP root dry exceeded the corresponding SRP root dry fine-root mass of both, beech (P < 0.05) and oak (P < 0.001). In the moist pot, the fine-root mass of spruce SRP root moist tended to be higher compared with beech (P = 0.056) and was significantly higher than in oak (P < 0.05, Table 3 ). Table 2 . Volumetric SWC and corresponding water potential (ψ soil ) (means ± 1 SE). SWC was measured on Day 2 of the experiment. SWC and ψ soil are significantly higher on the moist side than on the drier side for all plant combinations. Letters indicate statistical differences across species.
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Analysis of xylem conduits in the roots
The commonly assumed diffuse-porous structure in beech stems (Schütt et al. 2006 ) was reflected in beech roots, whereas the characteristic ring-porous distribution of conduits in oak stems did not match with the anatomy found in oak roots. As assumed, spruce roots had exclusively tracheids (Figure 2 ). Maximum root conduit diameters were 93.7 ± 7.1 μm (oak, n = 3), 75.4 ± 2.1 μm (beech, n = 3) and 44.4 ± 6.0 μm (spruce, n = 3), respectively, and were significantly smaller in spruce compared with beech (P < 0.05) and oak (P < 0.01). The maximum conduit size of oak was similar to beech (P = 0.12, 
H in soils
On Day 0, prior to labeling, the δ 2 H in the soil water of the moist and drier side were identical, and unaffected by species identity (Table 5) . Upon deuterium labeling, δ 2 H in the soil on the moist side was evidently deuterium-enriched across all species (972 ± 72 and 916 ± 47‰ on Day 1 and 3, respectively). Water extracted from drier soils did not increase in δ 2 H, varying between −60 ± 1 and −63 ± 1‰ across all species (Table 5). δ 2 H in MP, SRP and DP Prior to labeling, δ 2 H of root water corresponded to that of surrounding soils (data not shown). MPs were significantly deuterium-enriched in their stem xylem water on Day 3 (mean: 763 ± 45‰; P < 0.001 across all species) when compared with Day 0. In the SRPs of all species, water in the SRP root moist was significantly deuterium-enriched on Day 3 compared with Day 0 (mean δ 2 H of 413 ± 33‰, Figure 3 ). There was no difference between species or between desiccated (337 ± 58‰) and healthy plants (438 ± 39‰). The overall mean δ 2 H of the stem xylem water in the SRPs of all species was 327 ± 44‰ on Day 3 (no difference between the species). We detected a significant difference (P < 0.001) when measuring the desiccated plants (mean of −19 ± 7‰) in comparison with the healthy plants (mean of 443 ± 43‰).
Irrespective of species identity, more than 90% of SRP root dry displayed significantly enriched deuterium concentrations on Day 3 compared with Day 0 (P < 0.001 for all observed species) with δ 2 H of −36 ± 6, −42 ± 5 and −46 ± 4‰ in oak, beech and spruce, respectively (Figure 3 ). There was no significant difference between desiccated (mean over all species of −37 ± 6‰) and healthy plants (mean over all species of −43 ± 3‰) for any of the species Figure 2 . Cross-sections of oak (A), beech (B) and spruce (C) roots and the different distribution of xylem vessels and tracheids in black and white contrast (D, E and F, respectively). Table 4 . Calculated hydraulic conductivity, maximum and mean conduit diameter (means ± 1 SE) of the roots of the three study species. Letters indicate statistical differences across species.
Hydraulic conductivity (kg MPa (see Table S2 available as Supplementary Data at Tree Physiology Online). The DP root also showed deuterium enrichment when compared with Day 0. δ 2 H values were −53 ± 1, −51 ± 2 and −48 ± 1‰ for oak, beech and spruce, respectively, and therefore significantly higher than before labeling (P < 0.01 for oak and P < 0.001 for beech and spruce, Figure 4 ). The increase in δ 2 H of DP root was present in 79% of oak, 88% of beech and in all DPs of spruce. However in DP xylem , the deuterium label was not found in any species on Day 3, as δ 2 H was not significantly increased above natural abundance on Day 0 (mean δ 2 H of −60 ± 1‰ over all species, Figure 4) .
Fractions of redistributed water in SRP root dry and into DP root
Averaged over all observed species (n = 44), 5 ± 1% of the water in SRP root dry originated from SRP root moist (Eq. (1), Figure 5A ). The fraction of redistributed water within oak trees (8 ± 2%) was similar to beech (4 ± 1%, P = 0.1) and was significantly higher than in spruce (3 ± 1%, P < 0.05). There was no significant difference between desiccated (7 ± 1%) and healthy plants (4 ± 1%). Regarding all observed DPs of all species (n = 44), we calculated that 61 ± 6% of the water extracted from DP root originated from SRP root dry (Eq. (2), Figure 5B ). More specifically, in spruce the contribution of water from SRP root dry to the water in DP root was highest (82 ± 8%), while contribution was smaller in oak (46 ± 10%, P < 0.05) and tended to be smaller in beech trees (59 ± 10%, however this was not significant). The water taken up by the DP root from the SRP root dry did not differ significantly in desiccated (50 ± 6%) versus healthy plants (65 ± 6%).
Discussion
Our results support both of our hypotheses, the redistribution of soil water under moderate drought via reverse flux within root systems of English oak, European beech and Norway spruce and the uptake of redistributed water by neighboring plants. The occurrence and importance of HR under very dry conditions have been demonstrated (e.g., ψ soil of −2.0 MPa, Nadezhdina et al. 2006 , Zapater et al. 2011 ). In addition, our results now stress the importance of HR for temperate Central European tree species also under moderate drought.
Hydraulic redistribution within the root system of split-root plants
Previous studies tracing HR by isotope labeling found plant roots to redistribute~3% (Prieto and Ryel 2014) and 17% (Leffler et al. 2005 , Hawkins et al. 2009 ) of applied labeled water. In Table 5 . Soil δ 2 H during the experiment (means ± 1 SE). There were no statistical differences between the split-root systems of beech, oak and spruce.
Beech
Oak Spruce Mean 2). The symbols indicate soil water (circles) of the drier soil, root water (DP root , triangles) and stem xylem water (DP xylem , squares) of the DP. If no error bar is visible, SE was smaller than the symbol size. Significant increases of δ 2 H in comparison with Day 0 are given for DP root by ** (P < 0.01) and *** (P < 0.001).
the present study, 3-8% of water taken up by the SRP in the moist pot was redistributed to the SRP root dry . The fraction of redistributed water within the SRP was different for the three study species, being higher in oak than in spruce and intermediate in beech ( Figure 5A ).
In stems, ring-porous oak has the largest conduit diameter in comparison with diffuse-porous beech and spruce (tracheids only, Schütt et al. 2006) . Based on the Hagen-Poiseuille law (Tyree and Zimmermann 2002) , oak should be able to redistribute more water per unit of time than beech and spruce under otherwise identical conditions. As for all our study species ψ soil was well above thresholds known to cause vessel embolisms (Cochard 1992 , 1999 , we assumed that all conduits were fully conductive. Hence, the magnitude of HR within a single root mostly depends on its transport capacity and the driving force, i.e., the diameter of (water conducting) conduits and the water potential gradient, respectively (Warren et al. 2007) . Indeed, spruce roots had significantly lower conduit diameters and hydraulic conductivities than oak, however, not significantly different from beech ( Figure 2 and Table 4 ). Oak roots did not show the expected ring-porous conduit structure but were similar to diffuse-porous beech in size of conduits and hydraulic conductivity. The absence of ring-porous conduits in roots was reported for other stem ring-porous trees, such as Fraxinus excelsior (L.), Castanea sativa (Mill.) and Q. petraea (Koecher et al. 2012, Mrak and Gricar 2016) . However, as the anatomy of root xylem was found to be very variable even in the same species and depending on environmental factors such as water limitation (Bauerle et al. 2011 , Koecher et al. 2012 , clarification about root anatomy is generally needed. Nevertheless, the fraction of redistributed water within the SRP appears to be positively correlated with the conduit size in the roots.
The potential for HR of the SRPs showing shoot desiccation was not different from the root systems of healthy plants, although total root mass and fine-root content were significantly lower in the desiccated compared with healthy plants (Table 3) . The overall root system of the desiccated SRPs seemed to still be alive (no black tissue beyond the bark or other signs of decline) in most SRPs. Actually, 91% of the desiccated SRPs redistributed water within their root system towards the drier soil, similar to the 93% of the healthy SRPs. In addition, the fraction of redistributed water was similar between desiccated and healthy trees, stressing that HR is a passive process of water moving through plant roots driven by a ψ soil gradient. Thus, as exclusion of desiccated plants did not affect any result presented here, we kept them included. Likewise, HR of senescing or dead plants to dry soil has been reported previously as long as their root system was not decayed (Leffler et al. 2005 , Warren et al. 2008 .
Redistributed water in the DP root
We did not find deuterium label in the soil of the drier pots, either on Day 1 or on Day 3. The ψ soil in the drier pot might not have been low enough (hardly exceeding −0.5 MPa) to force the water out of the roots. To some extent, plants are able to limit reverse water flux out of their roots by aquaporins (Prieto et al. 2012 , Li et al. 2014 or may create other barriers, e.g., by increasing the suberization of the exodermis and endodermis in the roots (Bauerle et al. 2008) . However, the deuteriumenriched water might have only penetrated into the rhizospheric soil directly surrounding water-releasing roots. As not only the rhizospheric soil water was sampled, but the whole soil profile of the pot, redistributed, labeled water in the rhizosphere soils might have been diluted by the surrounding bulk soil water and, thus, was not detected in the analysis. Likewise, soil sampling might have missed heterogenically distributed label in the drier soil, whereas roots of the DP might have reached these spots as labeled water was detected in DP root . In addition, a putative direct flux between tree roots through ectomycorrhizal fungi may be a relevant mechanism (Querejeta et al. 2003 , EgertonWarburton et al. 2007 , Plamboeck et al. 2007 ). As soils were taken from forest stands dominated by the study species, respective mycorrhizae were abundant and frequently observed Tree Physiology Online at http://www.treephys.oxfordjournals.org in each pot during root sampling. Although there was no difference in total root mass (Table 3) , the distribution of fine-and coarse-roots varied between the species. Spruce had a significantly higher fine-root mass than oak. Therefore, spruce SRPs may have had the most abundant mycorrhizal contact to the root systems of the DPs, explaining the higher fractions of redistributed water in spruce DPs ( Figure 5B ) and why we did not observe redistributed water in few DPs of oak and beech. In fact, for spruce, we observed root systems of SRPs and DPs to be strongly attached to each other and sometimes even obviously connected through a common mycorrhizal network. We did not assess root morphological parameters such as fine-root surface area or specific root length that may affect HR and hence the amount of redistributed water taken up by the DP (Eissenstat 1992 , Warren et al. 2007 ). Those morphological parameters should be addressed in more detail in future studies.
We roughly estimated the amount of redistributed water in the SRP root dry and DPs. To this end we made the assumptions that (i) total root mass of the DPs was similar to the SRPs and (ii) root water content was 350% of the dry root mass (Sharpe and Mason 1992, see Table 6 for details of the calculations). Over all species, we found 0.6 ± 0.1 ml of redistributed water in the SRP root dry and 18.3 ± 3.8 ml in the DP root (Table 6 ). The total amount of the water redistributed during the three experimental days may be higher as some of the water is likely to be used by transpiration and thus was not recovered in plants. Nevertheless, the fraction of redistributed water found in the root systems of the DPs was 61 ± 6% of their total root water. Similarly, Dawson (1993) found that neighboring plants used up to 60% of HR water lifted by sugar maple (A. saccharum). Over all study species, more than half of the plant water in the DP root originated from HR of the SRP. Hence, this transfer of water by the SRP represents an effective mechanism of water exchange between plants, stressing the relevance and importance of HR for trees in drought-stressed forest ecosystems.
Conclusion
Hydraulic redistribution represents an important mechanism in plant responses to dry soil conditions as it improves the water balance of individual plants and whole stands, leading to increased growth and higher survivorship, especially of plant roots. We found HR of soil water in temperate Central European tree species, i.e., English oak, European beech and Norway spruce, even under moderate drought conditions. Neighboring trees growing in the drier soils made use of the water released from redistributing trees (SRPs). However, our findings result from a pot experiment, which subjects the study to certain restrictions, e.g., root growth is bound to pot size and root distribution might be potentially unfavorable (Passioura 1988 , Poorter et al. 2012 . As a next step, the occurrence of HR under moderate drought should be tested under field conditions to prove and quantify this facilitative effect in Central European forests. In addition, species-specific differences in the potential of HR due to different anatomical properties of roots should be addressed more carefully. Dead or senescent plants seem to provide capacities for redistributing water to living plants that should not be underestimated and should be further studied on given forest sites.
Supplementary Data
Supplementary Data for this article are available at Tree Physiology Online. Table 6 . Estimated amount of redistributed water in SRP root dry and DP root (means ± 1 SE). Root water was estimated as: root mass × 3.5 (Sharpe and Mason 1992) and multiplied with the fraction of redistributed water, i.e., f(SRP root moist ) for the SRP root dry and f(SRP root dry ) for the DP root , respectively. SRP root dry (ml) DP root (ml) Beech 0.5 ± 0.1 14.0 ± 5.5 Oak 0.8 ± 0.3 15.0 ± 5.0 Spruce 0.5 ± 0.1 25.9 ± 4.8 Mean 0.6 ± 0.1 18.3 ± 3.8
Tree Physiology Volume 37, 2017
